Tryptophan catabolites pathway disorders are observed in patients with depression. Moreover, single nucleotide polymorphisms of tryptophan hydroxylase genes may modulate the risk of depression occurrence. The objective of our study was to confirm the association between the presence of polymorphic variants of TPH1 and TPH2 genes, and the development of depressive disorders. Six polymorphisms were selected: c
Introduction
Although the pathogenesis of depression (depressive disorder-DD) is not fully understood, studies suggest that disturbances in the TRYCATs pathway may play a key role in the development of this disease. A reduced level of tryptophan in plasma may lead to mood disorders in patients [1, 2] . Moreover, increased plasma levels of harmful tryptophan metabolites-i.e. kynurenine, xanthurenic acid and quinolinic acid-were found in depressed patients [1, 2] . Quinolinic acid may cause the destruction of postsynaptic structures and neurons via apoptosis of hippocampal cells and selective necrosis of granular cells. Additionally, it reduces the levels of dopamine, choline and caminobutyric acid (GABA) [3] [4] [5] . On the other hand, studies showed that some tryptophan metabolites, for example kynurenic acid, may exhibit neuroprotective and antidepressant properties [2] .
Recent findings have revealed that the patients with DD are characterized by greater activity of 2,3-dioxygenase tryptophan (TDO) and 2,3-dioxygenase indoleamine (IDO) as compared to healthy volunteers. Both are rate-limiting enzymes in tryptophan metabolism [6] . IDO/TDO converts tryptophan into kynurenine, which may be later metabolized into neurotoxic compounds, such as quinolinic acid. As a result, depressed patients are characterized by an increased kynurenine/tryptophan ratio and decreased serotonin/tryptophan ratio [1, 2] .
Additionally, toxic TRYCATs can bring about increased production of reactive oxygen species (ROS). For example, 3-hydroxykynurenine can induce neuronal apoptosis via overproduction of ROS [7] . Moreover, kynurenine may penetrate the blood-brain barrier and exhibits toxic effects in the brain. As a consequence, it can lead to spreading cortical and subcortical atrophy [8] .
Decreased levels of serotonin (5-TH) or its receptors are also associated with depressed mood [9] . This neurotransmitter is synthesized by tryptophan hydroxylase (TPH) [10] . TPH is an enzyme which is involved in the initial and rate-limiting step in the synthesis of serotonin and melatonin. It is responsible for the addition of a hydroxyl group to tryptophan and for the creation of amino acid 5-hydroxytryptophan. There are two distinct genes encoding TPH in humans-TPH1 and TPH2. Studies show that different expression levels of TPH genes may be related to aggression, schizophrenia, alcoholism, drug abuse, suicidality and depression [11] [12] [13] [14] [15] . Placidi et al. [16] demonstrated that a low level of 5-hydroxyindoleacetic acid (5-HIAA) (the main metabolite of serotonin) in cerebrospinal fluid may be associated with suicidal attempts in DD. Moreover, a recent study has suggested that TPH2 expression in the midbrain is implicated in the antidepressant action of selective serotonin reuptake inhibitors (SSRI) [17] . TPH2 may be a good candidate for a biomarker in pharmacogenetic studies of SSRI efficacy. Low levels of melatonin, which is also created in the TRYCATs pathway, are observed in patients suffering from Alzheimer's disease, carcinoma, anorexia and depression [18] . About 80% of depressed patients exhibit different sleep disturbances. Persistent or worsening insomnia may contribute to the risk of depression recurrence and may increase its severity. In addition, severe insomnia occurs more frequently in the patients with depressive suicidal attempts than in the patients without such attempts [19] . Therefore, in this article, we have decided to examine the relationship between six SNPs in the following genes responsible for encoding key TRYCAT enzymes: TPH1 and TPH2.
Materials and methods

Volunteers
The study was carried out on a group of 280 patients suffering from DD, hospitalized at the Department of Adult Psychiatry of the Medical University of Lodz (Poland), and 230 healthy volunteers, randomly selected without replacement sampling. The volunteers taking part in the experiment were native Poles from central Poland (not related). The characteristics of the patients are presented in Table 1 . The inclusion criteria were based on those outlined in ICD-10 and APA (F32.0-7.32.2, F330-F33.8) [20, 21] . The exclusion criteria included the presence of axis I and axis II disorders, other than DD, severe and chronic somatic diseases, injuries of the central nervous system, inflammatory or autoimmune disorders, and unwillingness to give informed consent. Additionally, volunteers with familial prevalence of mental disorders, other than recurrent depressive disorders, were excluded from the examined group. Medical history for all cases was obtained in accordance with the Standardized Composite International Diagnostic Interview (CIDI) prior to the start of the experiment [22] . The 21-item Hamilton Depression Rating Scale (HDRS-21) was used to evaluate and classify depression severity [23] . The scores presented in a study conducted by Demyttenaere and De Fruyt [24] were used in the measurements of intensity levels of DD symptoms. Each patient was examined by the same psychiatrist (CIDI and HDRS); psychiatric evaluation was performed before the patient was enrolled to take part in the study. Participation in the study was voluntary, and the volunteers were informed of the purpose, assured of the voluntary character of the experiment, and guaranteed that their personal data would be kept in secret before deciding to participate in the study. According to the protocol approved by the Bioethics Committee of the Medical University of Lodz (no. RNN/ 70/14/KE), all the volunteers consented to participate in the study.
Selection of SNPs
The public domain of the database for SNPs of the National Center for Biotechnology Information (NCBI dbSNP), available at http://www.ncbi. nlm.nih.gov/snp (Bethesda, Montgomery County, MD, USA), was used to choose the studied polymorphisms. The selection criteria regarding SNPs were as follows: Their minor allele frequency had to be larger than 0.05 (submitter population ID: HapMap-CEU), and they had to be localized either in the coding or regulatory region of the genes (Table 2) .
DNA extraction
Genomic DNA was isolated from venous blood according to the Blood Mini Kit protocol (A&A Biotechnology, Gdynia, Poland). Blood samples were collected from the patients suffering from DD before commencement of the antidepressant therapy. The purity of the DNA samples was measured spectrophotometrically by calculating the ratio between absorbance at 260 and 280 nm; after that, the samples were stored at À20°C.
Genotyping
The chosen SNPs were genotyped using the TaqMans SNP Genotyping Assay (Thermo Fisher Scientific, Waltham, MA, USA) and 29 Master Mix Takyon for Probe Assay-No ROX (Eurogentec, Li ege, Belgium). 
Statistical analysis
A statistical analysis of data was performed in Statistica 12 (Statsoft, Tulsa, OK, USA) and SigmaPlot 11.0 (Systat Software Inc., San Jose, CA, USA). An unconditional multiple logistic regression model was used to calculate the association between case/control and each polymorphism. The results are shown as odds ratios (ORs) with 95% confidence interval (95% CI). Additionally, the OR was adjusted for gender, as women are exposed to doubled risk of depression development in comparison to men [25] . The data presenting the results from the distribution of genotypes in terms of the age of depression episode onset are shown as mean AE S.D. Distribution normality was examined using the Shapiro-Wilk test, and then, significance of the difference between studied values was determined based on the Mann-Whitney test or Student's t-test.
Results
SNPs of the genes encoding TRYCATs enzymes (TPH1 and TPH2) as the risk of depressive disorders
The distribution of genotypes and alleles, as shown in Table 3 , was in agreement with the Hardy-Weinberg equilibrium. Among the studied SNPs, the C/C genotype and the C allele of c.804-7C>A-TPH1 (rs1799913), the homozygote A/A of c.803+221C>A-TPH1 (rs1800532), the T/T genotype and T allele of c.-173A> T-TPH1 (rs10488682) were significantly associated with an increased risk of DD. The T/T genotype of c.-1668T>A-TPH1 (rs623580) was negatively correlated with depression, while genotype A/A and allele A of the same SNP were positively correlated with the disease. In addition, the G/G genotype and G allele of c.-844G>T-TPH2 (rs4570625) were positively correlated with depression, whereas the G/T heterozygote and T allele of the same SNP were negatively correlated with the disease. The C/C genotype and C allele of c.-1449C>A-TPH2 (rs7963803) were negatively correlated with DD, while heterozygote C/A and allele A of the same SNP were positively correlated with the disease.
SNPs of the genes encoding TRYCATs enzymes and the age of the first episode of depression, and the severity classification on the Hamilton Depression Rating Scale
We only found one difference in the age distribution of the first depressive episode between the G/G and G/T genotypes of the c.-844G>T-TPH2 (rs4570625) polymorphism (Figs 1 and S1). We did not find any significant differences in the distribution of genotypes and the severity classification on the Hamilton Depression Rating Scale (data unpublished).
Gene-gene interactions and the risk of depression
We also studied whether the combined genotypes of the studied polymorphisms are associated with the occurrence of depression, and the results are presented in Table 4 . We observed that the C/C-G/G, C/A-G/G, A/A-G/G genotypes of c.804-7C>A-TPH1 and c.-844G>T-TPH2 (rs1799913 versus rs4570625) were associated with an increased risk of DD occurrence, while the C/A-G/T, A/A-G/T genotypes of the same polymorphism combination reduced this risk. We also found that the C/A-C/C combined genotype of the c.804-7C>A-TPH1 and c.-1449C>A-TPH2 (rs1799913 versus rs7963803) was related to a decreased risk of the disease, but the C/A-C/A combined genotype of the same polymorphism may increase this risk. In summary, we found that the A/A-G/G combined genotype of c.804-7C>A-TPH1 and c.-844G>T-TPH2 (rs1799913 and rs4570625) was associated with a five-time higher risk of DD occurrence (P < 0.001). In the case of c.803+221C>A-TPH1 (rs1800532) and c.-844G>T-TPH2 (rs4570625), the C/A-G/G combined genotypes were associated with the risk of depression higher by nearly four times (P < 0.001), while the C/A-G/T combined genotypes of the same polymorphism combination decreased this risk by more than three times (P < 0.001). Moreover, the T/T-G/G combined genotypes of c.-173A>T-TPH1 (rs10488682) and c.-844G>T-TPH2 (rs4570625) caused a five-time greater risk among the Polish 
Haplotypes and the risk of depression
The association between depression and haplotypes of the studied polymorphisms of the TPH1 or TPH2 genes was also assessed (Table 5. ). The presence of CC and CA haplotypes of c.804-7C>A -TPH1 (rs1799913) and c.803+221C>A-TPH1 (rs1800532) resulted in an increased risk of DD occurrence. We also noticed a link between the CA haplotype of c.804-7C>A-TPH1 (rs1799913) and c.-1668T>A-TPH1 (rs623580), and the increased rate of depression. In case of c.-173A>T-TPH1 (rs10488682) and c.803+221C>A-TPH1 (rs1800532), the TA haplotype increased the risk of DD development, while the AA haplotype of the same SNPs combination reduced this risk. The TA, AC and AA haplotypes of c.-1668T>A-TPH1 (rs623580) and c.803+221C>A-TPH1 (rs1800532) were responsible for an increased risk of depression development, while the TC haplotype of the same polymorphism combination decreased this risk. In case of c.-173A>T (rs10488682) and c.-1668T>A-TPH1 (rs623580), the TA haplotype was associated with the occurrence of the disease. The CG and AG haplotypes of c.-1449C>A-TPH2 (rs7963803) and c.-844G>T-TPH2 (rs4570625) were connected with an increased risk of the disease, while the CT haplotype of the same SNPs combination increased the risk.
In summary, the haplotype analysis revealed that the AC haplotype of c.-1668T>A-TPH1 (rs623580) and c.803+221C>A-TPH1 (rs1800532) nearly doubled the risk (P < 0.001). In case of c.-1449C>A-TPH2 (rs7963803) and c.-844G>T-TPH2 (rs4570625), the CT haplotype increased risk of DD by almost two times (P < 0.001), while the AG haplotype of the same combination decreased the risk almost twice (P < 0.001).
Discussion
A growing body of evidence and data suggests that when impaired the TRYCATs pathway may play an essential role in the development of depression [1, 2] . As mentioned in the Introduction, these abnormalities may be linked with the irregular functioning of pathway enzymes, such as TPH. Two isoforms of TPH-i.e. TPH1 and TPH2, can be found in humans and in other mammals. The human TPH1 and TPH2 are highly homologous proteins which exhibit 71% of amino acid identity. The human TPH1 is located on chromosome 11p15.3-14, comprises 11 exons and covers a region of 29 kb; the human TPH2 gene is located on chromosome 12q15, comprises 11 exons and covers a region of 97 kb [26] . TPH1 and TPH2 are expressed in almost equal amounts in only a few regions of the brain such as the frontal cortex, thalamus, hippocampus, hypothalamus and amygdale, whereas TPH1 is also expressed in peripheral tissues such as the heart, lung, kidney, duodenum and the adrenal gland [27] . TPH1 and TPH2 are essential enzymes for the correct metabolism of tryptophan. Both are also considered to be the rate-limiting enzymes in serotonin biosynthesis [10] . TPH converts L-tryptophan into L-5-hydroxytryptophan (serotonin precursor) by means of adding an -HO group (hydroxylation) to position 5 of L-tryptophan. Disturbances in their amount or activity may lead to deficiencies of neuroprotective compounds such as kynurenic acid and, consequently, to the occurrence of mood disorders. Polymorphic variants or altered expression levels of TPH genes may be related to depression, schizophrenia, alcoholism, drug abuse, aggression and suicidality [13] [14] [15] 28] .
During this experiment, we genotyped six SNPs: four in TPH1 and two in TPH2. We confirmed that the selected genotypes and alleles of four SNPs localized in TPH1 modulated the risk of depression (Table 3) . One of them, that is c.804-7C>A-TPH1 (rs1799913), is localized at intron 7 of the TPH1 gene and also at the polypyrimidine stretch immediately upstream of the 3 0 acceptor splice site. Although substitution of pyrimidine for purine in the polypyrimidine consensus sequence has been shown to decrease the fidelity of splicing, sequencing of TPH1 cDNA revealed no evidence of exon skipping or aberrant splicing [28] . The studies showed that the c.804-7C>A polymorphism was associated with 5-HIAA concentrations in CSF [29] . Moreover, the meta-analysis confirmed that the link between TPH1 and bipolar disorders was not clear [30] . Thus far, it has been confirmed that the polymorphism is associated with depression treatment through an assessment of the harm avoidance and novelty seeking [31] . Andre et al. [31] found a greater effect of interactions between the CC genotype and remission status as compared to Aallele carriers. Other studies demonstrated that the TPH1 polymorphism in the Swedish population may lead to unipolar disorders, suicidal behaviour and substance abuse [32] . Gizatullin et al. [33] discovered that the c.804-7C>A polymorphism was associated with depression in the Caucasian population of the North European descent. Our study, conducted among the Polish population, confirmed the results recorded by Gizatullin's team that selected genotypes and alleles of c.-173A>T (rs1799913) could contribute to genetic predisposition for DD (Table 3) . However, Gizatullin et al. analysed only haplotypes for six TPH1 SNPs, whereas our team showed also that the gene-gene combination of c.-173A>T (rs1799913)-TPH1 and c.-844G>T (rs4570625)-TPH2 or c.-1449C>A (rs7963803)-TPH2 may also modulate the risk of depression development. Moreover, haplotype analyses performed in both studies confirmed that the examined haplotypes may be associated with the occurrence of DD.
Another TPH1 polymorphism studied during this experiment is c.-173A>T (rs10488682). The SNP is localized in the promoter region of TPH1 [34] (Cote et al., 2002) . It may decrease the activity of the promoter, affecting the transcription level of TPH1. TPH is an initial enzyme in the TRYCATs pathway, and its low expression may lead to stopping the pathway. The SNP was associated with the occurrence of adolescent idiopathic scoliosis. Patients with the A allele of this SNP are prone to be resistant to brace treatment [35] . In turn, we confirmed that the G/G genotype and G allele of c.804-7C>A-TPH1 (rs10488682) may lead to the development of DD (Table 3) .
The c.-1668T>A SNP (rs623580) is localized in the exon 1c/intron 1 region, but the polymorphism is within the 5 0 UTR and therefore does not result in the substitution of amino acids [36] . Studies involving the c.-1668T>A polymorphism revealed the negative results linked with affective disorders and suicide-related behaviour [37, 38] . Ching-Lopes et al., similarly to our team, discovered that the c.-1668T>A polymorphism of TPH1 may increase the risk of depression [39] , but an earlier study involving this polymorphism showed negative results accompanied by affective disorders [40] . Moreover, Ching-Lopes et al. (2015) found that the polymorphism of the corticotropin-releasing hormone receptor 1 and 5-hydroxytryptamine receptor 2A genes was also associated with depressive disorders [39] . This emphasizes that other stages of the TRYCATs pathway are also important in the development of DD.
The next studied SNP was the c.803+221C>A polymorphism of TPH1 (rs18005832) localized at intron 7. The site is a potential GATA transcription factor-binding site. The GATA transcription binding factors allow the initiation of transcription. Studies of the TPH1 polymorphism showed that the SNP affects expression of the gene. The genotypic and allelic distribution of the SNP was not associated with the occurrence of schizophrenia in Asian populations [41] . However, we showed that the T/T genotype of the SNP may induce the development of DD in Polish patients. In addition, Jun et al. [42] revealed that the same SNP was also associated with the quality of life in women suffering from the irritable bowel syndrome.
In this paper, besides the SNP localized in TPH1, we also studied TPH2 polymorphisms. 844G>T (rs4576025) was one of them. It may alter DNA-protein interactions, ultimately affecting transcription of the TPH2 gene, as the presence of the T allele is associated with a reduced TPH2 promoter activity [43, 44] . As a consequence, Table 4 . serotonin synthesis is inhibited [45, 46] . Moreover, studies showed that the A allele of the SNP was related to an increased risk of multiple sclerosis in the progressive subtypes of the disease among Finnish patients [47] . The results of an earlier study showed that the TPH2 SNP was characteristic for depressed patients with suicidal attempts [48] . The homozygous G allele (G/G genotype) frequency was higher in suicidal depressed patients when compared to control volunteers. Similarly, our study proved that the G/G genotype and allele G of c.-844G>T-TPH2 increased the risk of DD, whereas the G/T heterozygote and allele T of the same SNP were negatively correlated with the disease. However, a study on the Chinese Han population showed no association between SNP and depression. These discrepancies may result from demographic properties of the research groups-the difference in the number of women and men in the cited study [49] . Furthermore, in another study on the Chinese population, the GG genotype of the same SNP carriers was more likely to enable depressive and anxiety symptom remission following escitalopram treatment compared with T allele carriers [50] .
The last studied polymorphism presented in this paper is c.-1449C>A (rs7963803) of TPH2. Yi et al. [51] found that the polymorphism was not correlated with occurrence of paranoid schizophrenia. Previous studies showed that two polymorphisms localized in the intron of TPH2 (c.608+9108T>C-rs1386494 and rs1843809-c.608+5263G>T) were associated with major depression [52] . During our experiment, we found a significant correlation between the studied TPH2 polymorphisms (rs4570625 and rs7963803) and the development of depression.
We are the first to investigate the association between combined genotypes of studied polymorphisms and DD. We also found a significant correlation between depressive disorders and haplotypes of the studied polymorphisms. Moreover, we were the first to demonstrate that three of six examined polymorphisms-i.e. rs1800532, rs10488682 and rs7963803-were associated with the risk of depression occurrence. The other three SNPs (previously examined by other researchers) were also found to strongly modulate DD development. For example, the AA genotype of c.-1668T>A (rs623580) doubled the risk of DD (P < 0.001). In turn, the G/G genotype and G allele increased the risk of the disease in the Polish population by five times, while the G/T genotype and T allele decreased this risk fivefold. In summary, the c.804-7C>A, c.-1668T>A, c.803+221C>A and c.-173A>T polymorphisms of the TPH1 gene and the c.-1449C>A, c.-844G>T polymorphism of the TPH2 gene may be associated with depression in the Polish population. At the end of our article, we indicated and recommended that the relationship between the genes of TRYCATs enzymes and DD should be investigated further.
Conclusion
We confirmed that SNPs of the genes involved in tryptophan metabolism, particularly the TRYCATs pathway, may have an impact on the risk of depressive disorders occurrence. We demonstrated that every studied SNP may modulate the development of depression. Therefore, these gene polymorphisms may be considered independent markers of depression. Our study supports the hypothesis that the TRYCATs pathways may be involved in the development of depression.
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